DV patterning of the Drosophila embryo is controlled by Dorsal, a sequence-specific transcription factor related to mammalian nuclear factor κΒ (NF-κB) (Roth et al. 1989; Rushlow et al. 1989; Ip et al. 1991) . The Dorsal protein is distributed in a broad nuclear gradient, with peak levels present in ventral nuclei and progressively lower levels in lateral and dorsal regions (Roth et al. 1989; Rushlow et al. 1989; Steward 1989 ). This Dorsal nuclear gradient initiates DV patterning by regulating 50-60 target genes in a concentration-dependent fashion (Stathopoulous et al. 2002; Zeitlinger et al. 2007a) .
Whole-genome chromatin immunoprecipitation (ChIP)-chip assays (see below) identified ~100 potential Dorsal target enhancers, and more than 30 of these have been directly tested in transgenic embryos (see, e.g., Zeitlinger et al. 2007a; Hong et al. 2008a) . Altogether, these enhancers direct six distinct patterns of gene expression across the DV axis of precellular embryos. Dorsal works in a highly combinatorial manner to generate these diverse patterns (for review, see Hong et al. 2008b ). For example, Dorsal and SuH, a transcriptional effector of Notch signaling, activate single-minded (sim) expression in a single line of cells (central nervous system [CNS] ventral midline) on either side of the mesoderm (Cowden and Levine 2002; Morel et al. 2003) . In contrast, Dorsal works together with a different sequence-specific transcription factor, Pointed (an effector of epidermal growth factor [EGF] signaling), to activate gene expression within lateral stripes in intermediate regions of the future ventral nerve cord (Gabay et al. 1996) .
ENHANCER EVOLUTION
In principle, substitutions of "coactivator" binding sites within Dorsal target enhancers can alter the DV limits of gene expression. For example, replacing SuH-binding sites with Twist sites results in expanded expression of the modified enhancer within the presumptive neurogenic ectoderm (Gray and Levine 1996; Zinzen et al. 2006) . Analysis of Dorsal target enhancers in divergent insects, including mosquitoes (Anopheles gambiae), flour beetles (Tribolium castaneum), and honeybees (Apis mellifera), suggests that such changes might occur during evolution to produce distinctive DV patterning mechanisms (Zinzen et al. 2006) .
One such example is seen for the ventral midline of A. mellifera. In Drosophila, the ventral midline is just two cells in width and arises from two lines of sim-expressing cells that straddle the mesoderm before gastrulation (Fig.  1) . In contrast, the ventral midline of the A. mellifera CNS is considerably wider, encompassing about five to six cells. An expanded ventral midline is also seen in T. castaneum, suggesting that the broad pattern is ancestral, and the narrow midline of Drosophila (and A. gambiae) is a derived feature of the dipteran CNS (Zinzen et al. 2006) .
Expansion of the sim expression pattern is sufficient to account for the broad ventral midlines of the A. mellifera and T. castaneum CNS. In Drosophila, ectopic activation of sim expression using the eve stripe-2 enhancer results in The dorsoventral (DV) patterning of the early Drosophila embryo depends on Dorsal, a maternal sequence-specific transcription factor related to mammalian NF-κB. Dorsal controls DV patterning through the differential regulation of ~50 target genes in a concentration-dependent manner. Whole-genome methods, including ChIP-chip and ChIP-seq assays, have identified ~100 Dorsal target enhancers, and more than one-third of these have been experimentally confirmed via transgenic embryo assays. Despite differences in DV patterning among divergent insects, a number of the Dorsal target enhancers are located in conserved positions relative to the associated transcription units. Thus, the evolution of novel patterns of gene expression might depend on the modification of old enhancers, rather than the invention of new ones. As many as half of all Dorsal target genes appear to contain "shadow" enhancers: a second enhancer that directs the same or similar expression pattern as the primary enhancer. Preliminary studies suggest that shadow enhancers might help to ensure resilience of gene expression in response to environmental and genetic perturbations. Finally, most Dorsal target genes appear to contain RNA polymerase II (pol II) prior to their activation. Stalled pol II fosters synchronous patterns of gene activation in the early embryo. In contrast, DV patterning genes lacking stalled pol II are initially activated in an erratic or stochastic fashion. It is possible that stalled pol II confers fitness to a population by ensuring coordinate deployment of the gene networks controlling embryogenesis.
the formation of an ectopic ventral midline throughout the neurogenic ectoderm of transgenic embryos (Zinzen et al. 2006) . The sim regulatory region contains two distinct enhancers: One mediates activation by Dorsal and Notch signaling (establishment enhancer), and the other mediates positive autofeedback through direct binding of the Sim transcription factor to the autoregulatory enhancer (Kasai et al. 1992 ). Once Sim is misexpressed, the expanded pattern is maintained by autofeedback.
Sim establishment enhancers were identified in the 5′-flanking regions of the sim loci in A. gambiae, T. castaneum, and A. mellifera. The sim enhancer from A. gambiae directs sharp lateral lines when expressed in transgenic Drosophila embryos. In contrast, the en hancers obtained from the sim loci of T. castaneum and A. mellifera produce broader expression patterns. The A. gambiae enhancer resembles the Drosophila enhancer in that it contains a series of Dorsaland SuH-binding sites. However, the T. castaneum and A. mellifera enhancers contain Twist sites rather than SuH sites, and consequently, they direct broader patterns of gene expression (Zinzen et al. 2006; Cande 2009 ).
CONSTANCY OF ENHANCER LOCATION
The sim enhancers of flies, mosquitoes, flour beetles, and bees lack simple sequence similarity. Despite this extensive sequence divergence, comparable enhancers are located in the same relative positions: in the immediate 5′-flanking regions of the respective sim loci (e.g., Fig. 2 ).
Because this is a relatively common location for developmental enhancers, additional studies were done to determine whether enhancer locations are conserved for other critical DV patterning genes (Cande et al. 2009 ). These studies identified enhancers for five additional genes: cactus, sog, twist, brinker, and vnd. cactus is a key component of the Toll signaling pathway that regulates Dorsal nuclear transport (Roth et al. 1991; Stein and Nüsslein-Volhard 1992). It is activated by high levels of the Dorsal gradient in the presumptive mesoderm of both Drosophila and T. castaneum embryos (Maxton-Ku chenmeister et al. 1999; Nunes da Fonseca et al. 2008) . The enhancers that are responsible for these expression patterns are located in 3′ introns of the respective cactus transcription units (Cande et al. 2009) .
Enhancer conservation at the brinker (brk) locus is even more dramatic. brk encodes a sequence-specific transcriptional repressor that helps to restrict Dpp (bone morphogenetic protein [BMP] ) signaling to the dorsal ectoderm (Ja źwi ńska et al. 1999). In Drosophila, two separate enhancers regulate brk expression in the presumptive neurogenic ectoderm of pregastrular embryos (Hong et al. 2008a) . One of the enhancers is located ~10 kb 5′ of the brk transcription start site. The other is located 13 kb downstream from the start site, within the intron of a neigh boring gene, Atg5. The major enhancer regulating brk expression in the A. gambiae embryo is located within the Atg5 gene, even though the brk transcription unit is inverted relative to its orientation in Drosophila and Atg5 is located quite far, ~100 kb, from brk in the mosquito genome ( Fig. 2) (Cande et al. 2009 ).
Binding-site turnover has been well documented in insect enhancers (Moses et al. 2006 ; for review, see Ludwig 2002 ). Despite this turn over within existing enhancers, there might be constraints on the de novo evolution of developmental enhancers. We suggest that the evolution of novel patterns of gene expression depends primarily on the modification of ancestral enhancers, rather than the invention of new ones.
SHADOW ENHANCERS
ChIP-chip assays led to the comprehensive identification of Dorsal target enhancers in the Drosophila genome (Zeitlinger et al. 2007a ). These studies identified multiple enhancers at more than one-third of the target genes that are directly regulated by the Dorsal gradient. For example, the vnd gene encodes a sequence-specific transcription factor that specifies the ventral-most neuronal cell identities of the ventral nerve cord (see, e.g., Weiss et al. 1998) . It is activated by enhancers located in both the 5′-flanking region and within the first intron of the transcription unit (Shao et al. 2002; Stathopoulous et al. 2002; Zeitlinger et al. 2007a) . Similarly, sog is regulated by both a 5′ enhancer and an intronic enhancer (Fig. 3) , and as discussed above, brk is activated by enhancers located in both 5′-and 3′-flanking regions (Zeitlinger et al. 2007a , Hong et al. 2008a .
We refer to the secondary enhancers located in remote 5′ or 3′ positions as shadow enhancers (Hong et al. 2008a ). Preliminary studies suggest that they might help to confer resilience in gene expression in response to genetic and environmental perturbations. For example, vnd and sog exhibit normal patterns of transcriptional activation in embryos derived from dl/+ heterozygotes (half of the normal dose of the Dorsal gradient), whereas Neu3 and rho display erratic patterns of activation (Fig. 4) (Boettiger and Levine 2009) . vnd and sog contain shadow enhancers, whereas Neu3 and rho do not. It is possible that dual enhancers for a common expression pattern ensure accurate and reproducible activation in large populations of embryos subject to environmental fluctuations.
It is possible that shadow enhancers arise from "cryptic" duplication events. Of course, other scenarios can be envisioned, but regardless of mechanism, once they arise, shadow enhancers might confer an adaptive advantage to a pop u la tion by ensuring accurate activation of critical developmental control genes. Shadow enhancers offer an opportunity for producing novel patterns of gene expression without disrupting the core function of the primary en hancer and associated gene. According to this view, the evolution of shadow enhancers might come at a cost to the fitness of a population, but this cost could be compensated by the advantages conferred by the novel mode of gene expression.
TRANSCRIPTIONAL SYNCHRONY
Recent studies with mammalian progenitor cells, including stem cells, suggest that many critical developmental control genes (e.g., Hox genes) are repressed but poised for sog pattern rapid induction (Guenther et al. 2007 ). Many such genes contain bivalent histone marks, H3K4 trimethylation and H3K27 methylation, which are indicative of genes that are active and repressed, respectively (Bernstein et al. 2006) .
ChIP-chip assays were done in Drosophila using a mixture of antibodies directed against pol II (Muse et al. 2007; Zeitlinger et al. 2007b ). These studies suggest that most DV patterning genes contain stalled pol II at the core promoter before their activation in response to the Dorsal gradient. Like the bivalent marks seen in mammalian progenitor cells, stalled pol II is likely to render the associated genes repressed but poised for rapid activation.
Classical studies on Drosophila heat shock genes have documented that stalled, or paused, pol II accelerates their activation in response to stress as compared with comparable promoters lacking paused pol II (Lis and Wu 1993; Conaway et al. 2000; Saunders et al. 2006 ). This paradigm of gene expression was seen as a specialized stress response. However, the finding that many developmental control genes contain stalled pol II in the early Drosophila embryo raises the possibility that the control of transcription elongation is an important strategy for differential gene regulation during development (Lis 2007; Zeitlinger et al. 2007b; Hendrix et al. 2008; Chopra et al. 2009 ).
It is possible that stalled pol II suppresses transcriptional noise during development. In principle, a major source of such noise is variability in pol II recruitment and promoter escape O'Shea 2004, 2005; Raj et al. 2006; Darzacq et al. 2007; Raj and van Oudenaarden 2008) . For example, just a fraction of the pol II that interacts with a promoter succeeds in melting the double-stranded DNA and launching transcription. In contrast, stalled pol II has already passed the "checkpoint" (promoter escape) and is more likely to succeed in transcribing the associated gene as compared with a naïve pol II complex that is newly recruited to the DNA template.
These considerations raise the possibility that genes containing stalled pol II might be activated in a synchronous fashion due to diminished nucleus-to-nucleus variation in de novo transcription upon induction. To test this possibility, a quantitative in situ hybridization method was developed to identify the initial de novo transcripts in all of the nuclei of a large number of embryos (Boettiger and Levine 2009 ). These studies suggest that genes containing stalled pol II are activated in a coordinated fashion throughout the field of nuclei where the gene is expressed (Fig. 5) . In contrast, genes lacking stalled pol II are activated in an erratic fashion, whereby nuclei displaying de novo transcripts are surrounded by those lacking expression (Boettiger and Levine 2009) .
It is possible that transcriptional synchrony is a manifestation of metazoan development, whereby groups of cells function in a highly coordinated fashion. Stalled pol II and transcriptional synchrony might help to foster such coordinate behavior. We propose that stalled pol II contributes to population fitness, in that it helps to ensure the accurate and reproducible regulation of key developmental control genes. 
